Abstract. Seismic design of bridges is usually performed assuming that all bridge supports experience the same ground motion (i.e. uniform input
The present paper illustrates the impact of ground motion spatial variability on the seismic performance of continuous box girder bridges in both bridge orthogonal directions (longitudinal and transverse). For illustration purposes, a nine-span bridge with a total length of 430m is adopted. Non-linear time history analyses are carried out using OPENSEES software [2]. The wave passage effects are examined individually using a set of real records originally extracted from the PEER (Pacific Earthquake Engineering Center) Strong Motion Database using different apparent wave propagation velocities. Then, the loss of coherency effect is investigated using a set of artificially simulated seismic ground motions using the SIM software developed by Ramadan and Novak [3& 4] considering different degrees of loss in coherency and various ground motion frequency contents.
Results of the non-linear time history analyses performed in an incremental dynamic analysis context are hence manipulated through a probabilistic analysis framework to generate fragility curves associated with various performance levels for the case study bridge. Fragility curves giving the conditional probability of exceeding various performance levels are then integrated with generated hazard curves defining the expected seismic hazard in Egypt. The outcome of this integration process results in values of mean annual frequency of exceeding pre-defined performance levels.
INTRODUCTION
In the current seismic-resistant design of structures, the seismic ground motion excitations at their supports are assumed to be identical (i.e. uniform excitation for a given structure). However, for extended lifeline systems, the implementation of identical motions at the supports of these extended structures can yield unconservative structural responses. Therefore, spatially variable seismic ground motions should be considered in their seismic response analysis and design. Since the 1960s, the effects of seismic ground motion spatial variation on lifeline structures have been studied. The results indicate that the type of response (conservative or unconservative) induced by the spatially variable motions compared to that of identical ones depends strongly on the spatial variation models used in the analysis, and a realistic characterization of seismic ground motion spatial variation is highly desired. It is hence further realized that spatially variable seismic ground motions reflect the true motions at the supports of a given bridge [5] .
The present paper studies the effect of spatially variable ground motions on the seismic response of continuous concrete highway bridges. Finite element models of a case study bridge are hence created for the non-linear incremental dynamic time history analyses. Linear models are developed for design purposes using SAP2000, while nonlinear analyses are carried out using OPENSEES (Open System for Earthquake Engineering and Simulation). After designing the case study bridge, displacement controlled non-linear pushover analyses are carried out using OPENSEES software. Displacement controlled non-linear pushover analyses in both bridge orthogonal directions are performed prior to the non-linear time history analyses in order to quantify the resistance of the bridge to the lateral deformation and to gauge the mode of deformation. Pushover analyses are carried out by applying gravity loads to the bridge deck and then applying incremental displacement at the deck level up to values corresponding to various performance levels until reaching collapse. Drift values/limits associated with various performance levels are hence identified.
The spatial variation in seismic ground motions has three main sources summarized as follows: firstly is the wave passage effect resulting from the difference in the arrival time of the seismic waves at different locations within the structure; secondly is the incoherence effect resulting from the differences in the manner and the method of the superposition of seismic waves due to the arrival from an extended source and scattered irregularities and in-homogeneities along the path and at the site; and finally is the "Local" site effects due to the differences in the local soil conditions at each support which may alter the frequency content and amplitude of the bedrock motions.
While studying the wave passage effects the parametric analyses are carried out using five actual time history records with different apparent propagation velocities (100m/sec, 200m/sec, 400m/sec and v=Infinity which is equivalent to the uniform excitation scenario) of the seismic waves. The five records pertain to the large database of records gathered in Medina (2002) [6] and are originally extracted from the PEER (Pacific Earthquake Engineering Center) strong motion database (PEER Strong Motion Catalog). The ground motions represented by the records are characteristic of the non-near-fault motions recorded in California.
On the other hand, when studying the loss of coherency effects on the seismic performance of the case study bridge, various sets of artificially simulated ground motions have been adopted. These sets of the seismic ground motions are generated using the SIM software developed by Ramadan and Novak [3&4] considering various levels of loss in coherency (c/v=0.0001, 0.001, 0.002) in addition to c/v=zero representing the fully coherent seismic waves. In addition to the different loss of coherency degrees, three response spectra representing various soil types are examined.
Performed fragility analyses consider various types of uncertainties: demand uncertainty (β D|Sa ), capacity uncertainty (β CL ), and modeling uncertainty (β M ). Different levels of uncertainties in both capacity and modeling are examined and the influence of such uncertainties on altering the results is also presented. Modeling of uncertainties is performed as per Taylor (2007) [7] .
DESCRIPTION OF THE CASE STUDY BRIDGE
The selected case study bridge is a 9-span bridge with a total length of 430m (40+750+40) as shown in figure 1. The two central piers are monolithic with the deck while their adjacent piers (one pier at each side of the monolithic piers) are equipped with fixed pot bearings. In addition, guided bearings allowing translation of the deck in the longitudinal direction are adopted at all other piers and at abutments in order to release all thermal effects away from the central restrained part. Bridge Transverse Direction
Bridge Longitudinal Direction
The bridge deck is a post-tensioned double vent box section with a typical section as shown in figure 2. It has a constant depth of 2.5m (Span/Depth=20) and total width of 17.0m while the bridge piers are reinforced concrete piers with typical dimensions of 1.6m x 2.7m and a constant height of 10m as shown in figures 1 and 3.
The case study bridge is designed to sustain gravity loads according to [8] (ECP 201-2008 -Egyptian code for determination of loads and forces in the structural and civil works). Gravity loads include dead and super-imposed dead loads in addition to the highway live loads and pedestrian live loads. Seismic design loads are also in accordance with (ECP 201-2008) based on zone 5A. In this seismic zone, bridges shall be designed to withstand expected seismic loads resulting from a peak ground acceleration of 0.25g. This value of 0.25g as a peak ground acceleration represents nearly the highest seismic hazard in Egypt, while it corresponds to a medium seismic hazard in California USA. The seismic design is performed by the multi-modal response spectrum method as per clause 9.5 and Table 9 -2 of ECP 201-2008 [8] .
Type (1) response spectrum for Soil type B is adopted for the bridge seismic design. Type (1) spectrum is used for all regions in Egypt except coastal regions on the Mediterranean Sea (within 40 km alongside the coastline). In addition to the above stated seismic design criteria, the response modification factor (force reduction factor) "R" is taken equal to 5. This value corresponds to the use of reinforced concrete piers with sufficient ductility and relevant reinforcement details enabling the formation of a plastic hinge mechanism as per Table 9 -3 of ECP 201-2008.
PUSHOVER ANALYSES AND MONITORED DAMAGE INDICES

Pushover analyses for the case study bridge in longitudinal and transverse directions
Displacement-controlled pushover analyses are conducted herein on the OPENSEES baseline models for the case study bridge. Pushover analysis consists of first applying the distributed gravity load to the bridge and then applying incremental displacements at the deck level until reaching a given target displacement. The main advantage of carrying the pushover analysis as widely presented in the literature is to determine the lateral load capacity of the bridge by plotting the relation between the base shear and the deck drift; or by plotting the percentage of the design base shear versus the deck drift of the bridge. This percentage, when above 100%, simply defines the so-called static over-strength of the bridge as-designed. The relation between the percentages of design base shear and the deck drift for the bridge in both directions is given below in figures 4a and 4b.
Referring to figures 4a and 4b, the collapse limit state for the case study bridge performing non-linear pushover analysis in the longitudinal direction is captured at a deck drift ratio of 2.55% (  =2.55 %). This collapse is assumed at 20% loss in the piers section capacity. Such result is in close agreement with previous research work in the literature as presented in table 2. On the other hand, performing the non-linear pushover analysis in the transverse direction results in different deck drift values corresponding to the same damage limit states monitored for the longitudinal direction. For instance, the collapse limit state in the transverse direction is captured at a deck drift ratio equal to 4.60% (  =4.60 %). This difference is due to the following main factors affecting the transverse direction relative to the longitudinal direction: firstly, the end conditions for the pier in the longitudinal direction are different from those in the transverse direction. Secondly, the inertia and the section moment capacity/strength of the piers in the transverse direction are larger than those in the longitudinal direction (usually 5 to 10 folds in the majority of bridges). Moreover, the number of piers resisting the transverse seismic loads is larger than the number of piers resisting the longitudinal loads due to the adopted bearings articulation. In other words, it is common practice to adopt larger number of bearings guided (i.e., allowing translation) in the longitudinal direction to minimize the thermal effects; to the contrary all these bearings are restrained in the transverse direction. Finally is the deformed shape of the bridge deck under the effect of the horizontal monotonic loads (or under seismic loads) in the transverse direction which totally differs from that in the longitudinal direction due to the absence of the framing action that exists in the longitudinal direction. Due to all above mentioned factors, higher values for deck drift capacity in the transverse direction relative to these in the longitudinal direction are observed for the same damage limit states. Table 1 also presents another format of the over-strength values (R effective ) that is calculated according to [9] as follows: Where, S ay is the yield spectral acceleration and may be computed as F y /(W/g). F y is the yield base shear (i.e., the base shear at the end of the first linear part of the "base shear-deck drift" curve).
Monitored damage indices
For a given S a (T1) for a specific bridge the time history inelastic analyses are carried out as outlined in sections 4 and 5 and different potential damage indices (or, damage measures) are monitored. The different damage indices monitored herein are as follows:
A-Maximum deck drift which is a pre-defined value corresponding to a certain performance level or even to collapse level. The deck drift value at a certain excitation level in the longitudinal direction is only one value for the whole deck as the deck is acting as a rigid diaphragm in the longitudinal direction. However, under transverse direction excitation the deck drift referred to herein is corresponding to the maximum drift value occurring in the deck. Table 2 presents the different deck drift limits in accordance with the corresponding values extracted from the pushover analyses presented in section 3.1. It is worth reporting that complete collapse has been captured in the present research at deck drift ratios very close to values shown in table 2 gathered from the literature [10] . Collapse is defined herein at 20% loss in the base shear capacity as previously proposed in the literature. B-Maximum pier rotation (considered a direct measure of both global and local damage of the bridge) at a certain performance level. Performance levels can be directly correlated to the piers rotation values as follows: (a) yield performance level, (b) post yield performance level which corresponds to the isotropic hardening rotation of the piers and (c) ultimate rotation which corresponds to the collapse level where the rotation of the pier section is uncontrolled. C-Shear failure in the bridge piers. D-Unseating of the deck at the piers where the deck is supported by guided sliding bearings.
E-Excessive deck compressive or tensile stresses which may result in the failure of the deck pre-stressing system.
Note that due to space limitations only results considering the deck drift damage index are presented herein. However, other damage indices are investigated and presented in [11] , but they are found to be non-controlling from design/performance perspective when compared to the deck drift.
WAVE PASSAGE EFFECT ON CASE STUDY BRIDGE
Wave passage effect results from the difference in the arrival times of seismic waves at different locations along the bridge. The influences of the wave-passage effect on the responses of bridges have been investigated by several researchers. However, most of these studies focus on the elastic behavior of the structure with very few of those studies dealing with the nonlinear responses of bridges. Monti et al. [12] studied the nonlinear responses of symmetric bridges with symmetric boundary conditions. They have found that the travelling wave effect on the response results essentially in a reduction of the dynamic part due to the incomplete synchronization of the excitation for the range of apparent velocities in excess of 500 m/s. Tzanetos et al. [13] studied the wave-passage effect on the inelastic responses of symmetric bridges with symmetric or asymmetric boundary conditions. They concluded that special consideration should be given to bridges with asymmetric boundary conditions since they may respond in higher modes more readily than symmetric structures and the demands are likely to increase on those bridges. However, their studies adopted simplified structural models.
In this research work, a study of the inelastic seismic responses of the case study bridge is carried out in both longitudinal and transverse directions using the OPENSEES software. Parametric analyses using five different time history records with different propagation velocities of the seismic waves are conducted to assess the wave-passage effect on the response of the bridge. The response of the bridge to asynchronous input motions at different pier bases consists of two components [14] : a dynamic component induced by the inertia forces and a so-called pseudo-static component, due to the difference between the adjacent support displacements. It is observed that the propagation velocity of seismic waves has a significant effect on the response of the bridge. When the travelling apparent wave velocity is lower than 150 ~ 250m/s, the response is dominated by the pseudo-static component. As the travelling wave velocity increases, the pseudo-static component is considerably reduced and the dynamic component increases rapidly. When the travelling wave velocity is higher than 150~250m/s, the response is dominated by the dynamic component, Wang et al. [15] .
Ground motions selected for the wave passage effect analyses
A bin of 5 ground motions is selected for the present time history analysis in the context of the fragility/vulnerability seismic assessment of case study bridges presented in this research work. The 5 records pertain to the large database of records gathered in Medina [6] and are originally extracted from PEER Strong Motion Catalog. The ground motions represented by the records are characteristic of non-near-fault motions recorded in California; details of the adopted 5 records are presented in table 3. 
Results of the wave passage effect analyses in bridge longitudinal and transverse directions
Figure 5: Joint probability curves of exceeding various performance levels versus S a levels at different levels of uncertainty in capacity and modeling in the bridge longitudinal direction at v =100m/sec (figure a) and v =Infinity (figure b) (Log-scale) 
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H Sa (S a`c orresponding to 10 % in 50 years ) Figure 6 : Joint probability curves of exceeding various performance levels versus S a levels at different levels of uncertainty in capacity and modeling in the bridge transverse direction at v =100m/sec (figure a) and v =Infinity (figure b) (Log-scale)
Figures 5 and 6 represent samples of the joint probability curves of exceeding various performance levels versus S a levels considering different levels of uncertainties in demand, capacity and modeling.
The "joint" probability equals the probability of exceeding a certain limit state (conditional probability) integrated over the whole expected hazard (shown in figure  7 ) during the life time of the structure. For detailed information refer to El-Howary (2014) [11] . Referring to the sample figures 5 and 6, one could notice that considering the uncertainties in demand, modeling and capacity may alter the results and adversely affect (i.e., underestimate) the capacity of the structure by a considerable amount. In other words, considering uncertainties may increase the probability of reaching pre-defined performance levels or reaching collapse. 1.0E-07
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The mean annual frequency of exceeding the target performance levels at different selected levels of uncertainties is illustrated in table 4. Reported results in table 4 are given for some apparent wave propagation velocities investigated in the present research. As shown in table 4, the total probabilities of attaining various performance levels in the longitudinal direction decrease with the decrease in the apparent wave propagation velocity. In other words, considering the uniform excitation scenario increases the probability of attaining various performance levels (including collapse) when compared to other adopted wave propagation velocities scenarios. On the other side, the transverse direction analysis is resulting in a different behavior when adopting different wave propagation velocities. The total probabilities of attaining a performance level or reaching collapse at apparent velocity=200m/sec are the largest (λ for reaching collapse 1.03x10 -4 at v=200m/sec while λ=7.18x10 -5 at v=infinity). One could instead express the same information by reporting 1/λ which gives the return period for exceeding certain performance level (Return period for reaching collapse at v=200m/sec is 1/1.03x10 -4 ≈ 9700 years and is 1/7.18x10 -5 ≈ 14000 years at uniform excitation scenario). This means that considering the wave passage effect in the bridge transverse direction in this case results in increasing the probability of collapse (or of reaching certain performance level) by a factor of 1.5 relative to the uniform excitation scenario which may be considered a significant jump.
SPATIALLY VARIABLE SEISMIC GROUND MOTIONS
The current section is dedicated to study the effect of spatial variability of induced ground motions on the seismic performance and vulnerability of the case study continuous bridge. As will be mentioned later, various parameters affecting the severity of the spatial variability in the seismic ground motions are investigated in the current research work.
Adopted model for spatial variability in the ground motions
Spatial variability can be described in terms of the cross-power spectral density function between two stations [3] which is given by:
Where, S r, ω : Cross-spectrum of a stationary homogenous random ground motions between any two stations ω: Circular vibration frequency S ω : Local in-variant auto-spectrum function; the adopted auto-spectrum function is the modified Kanai- Tajimi A simple approach to introduce non-stationary characteristics to the generated stationary motions is through their multiplication by an intensity modulating (envelope) function I(t), commonly referred to as amplitude modulating function. A large number of such intensity modulating functions has been introduced since the 1960's. The adopted function in the current research work is the piecewise-continuous function given by Equation 4 [18] :
Results under spatially variable ground motions
Results of the non-linear analyses considering the spatial variability in the seismic ground motions are presented in tables 6 and 7 in addition to figures 8 and 9. The total probabilities of attaining various performance levels in both bridge directions (longitudinal and transverse) are presented. Figure 9 : Total probability curves of exceeding various performance levels at different levels of uncertainty in the bridge transverse direction for response spectrum type-1 (figure a) and response spectrum type-3 (figure b) As shown in figures 8 and 9 in addition to tables 6 and 7, the total probabilities of attaining various performance levels in both bridge directions (longitudinal and transverse) increase due to spatial variability of ground motions for the different loss of coherency degrees. This means that when the degree of the loss of coherency increases the probability of attaining various performance levels including collapse limit state increases accordingly. Moreover, considering the uncertainties in demand, capacity and in modeling results also in increasing the probability of attaining various performance levels including collapse. For example, the total probability of attaining a performance level (or even reaching collapse) at c/v = 0.002 is the largest (λ for reaching collapse is 1.45x10 -2 at c/v=0.002 while λ=6.37x10 -3 at c/v=0.0 in the longitudinal direction for β CL =β M =0.1). This means that accounting for the spatial variability of the ground motions generally results in increasing the total probability of reaching collapse for this specific example to 2.3 times its value for the uniform excitation scenario. Similar results are obtained in the bridge transverse direction as shown clearly in figure 9 . Also, considering the uncertainties in demand, capacity and modeling alters the results and increases the total probability of attaining a certain performance level by a factor of 1.3 on average.
Finally, considering the response spectrum type 1 (soft soil) results in a significant increase in the total probability of attaining a performance level (or reaching collapse) relative to other harder soil types. For example, λ associated with reaching collapse limit state equals 1.45x10 -2 for response spectrum type 1 (soft soil) while λ equals 6.18x10 -3 for response spectrum type 3 (firm soil) at c/v=0.002 in the longitu-dinal direction at β CL =β M =0.1, which means that the probability of collapse in soft soil may be 2.4 times that in case of firm soil.
CONCLUSIONS
A few conclusions that could be drawn from the presented research are:
1-Considering uncertainties in the demand, capacity and modeling may significantly affect the vulnerability analyses results as it could occasionally underestimate the mean annual frequency of reaching collapse if such uncertainties are inaccurately assumed. For instance, an underestimation in the order of about 60% in the mean annual frequency of reaching collapse is reported herein for the case of a travelling apparent wave velocity, v=400m/sec, in the transverse direction of the case study bridge if uncertainties in capacity, β CL , and modeling, β M , are inaccurately considered as 0.1 instead of 0.3 in the vulnerability analysis.
2-The bridge transverse direction is more sensitive to the difference in the arrival time of the seismic records at different supports than the longitudinal direction due to the bridge relatively smaller out-of-plane stiffness compared to its longitudinal direction in which the deck acts as a rigid diaphragm.
3-The wave passage effect depends on the frequency content of the adopted seismic record. As the frequency content in the seismic record increases, the effect of the difference in the wave's arrival time accordingly increases.
4-Considering the spatial variability in the seismic ground motions results in increasing the total probability of attaining a performance level or reaching collapse relative to the uniform excitation scenario. Besides, increasing the degree of loss in coherency between the induced ground motions increases the probability of attaining a performance level or reaching collapse accordingly.
5-The soft soil profiles result in increasing the bridge sensitivity and vulnerability to the spatial variability in the seismic ground motions compared to firm soil types.
